Context. Apart from a few targets that were directly imaged by spacecraft, remote sensing techniques are the main source of information about the basic physical properties of asteroids, such as the size, the spin state, or the spectral type. The most widely used observing technique -time-resolved photometry -provides us with data that can be used for deriving asteroid shapes and spin states. In the past decade, inversion of asteroid lightcurves has led to more than a hundred asteroid models. In the next decade, when data from all-sky surveys are available, the number of asteroid models will increase. Combining photometry with, e.g., adaptive optics data produces more detailed models. Aims. We created the Database of Asteroid Models from Inversion Techniques (DAMIT) with the aim of providing the astronomical community access to reliable and up-to-date physical models of asteroids -i.e., their shapes, rotation periods, and spin axis directions. Models from DAMIT can be used for further detailed studies of individual objects, as well as for statistical studies of the whole set. Methods. Most DAMIT models were derived from photometric data by the lightcurve inversion method. Some of them have been further refined or scaled using adaptive optics images, infrared observations, or occultation data. A substantial number of the models were derived also using sparse photometric data from astrometric databases. Results. At present, the database contains models of more than one hundred asteroids. For each asteroid, DAMIT provides the polyhedral shape model, the sidereal rotation period, the spin axis direction, and the photometric data used for the inversion. The database is updated when new models are available or when already published models are updated or refined. We have also released the C source code for the lightcurve inversion and for the direct problem (updates and extensions will follow).
Introduction
The knowledge of basic physical characteristics of asteroids -the spin rate, the spin axis orientation, the shape, the size, the mass, the spectral type, etc. -is important for understanding the history and the current state of the asteroid population. Apart from a few asteroids directly imaged by spacecraft, our knowledge about asteroid physical properties is based on remote sensing techniques. And from all these techniques, time-resolved photometry is by far the most important source of information because it is in principle available for all known asteroids. The lightcurve inversion method developed by and is a powerful tool for deriving asteroid shapes and spins from their lightcurves observed over several apparitions. So far, the lightcurve inversion method has led to models of about one hundred asteroids. The models have been published in several papers Torppa et al. 2003; , for example). As has been shown by Kaasalainen et al. (2004 Kaasalainen et al. ( ) orĎurech et al. (2005 and demonstrated on real targets byĎurech et al. (2009) , physical models of asteroids can also be derived from photometry that only sparsely samples brightness variations. This kind of photometric data will be provided by all-sky surveys like Pan-STARRS (Panoramic Survey Telescope and Rapid Response System), LSST (Large Synoptic Survey Telescope), or Gaia (Mignard et al. 2007) , and we expect an avalanche of new asteroid models in the next decade.
Models obtained by lightcurve inversion are interesting as such, but their main importance is that, by using the lightcurve inversion, we can reveal new physical phenomena. For example, it was used when the alignment of spins of the Koronis family members was revealed (Slivan et al. 2003) or when the YORP (Yarkovsky-O'Keefe-Radzievskii-Paddack) effect was detected . In general, the analysis of spin states and shapes of asteroids has been always related to the inversion of disk-integrated lightcurves (see review papers Magnusson et al. 1989 and Pravec et al. 2002, for example) . Lightcurve inversion has become a standard tool for revealing asteroids' nature from photometry. Moreover, lightcurves can be combined with other data (Kaasalainen & Lamberg 2006; Kaasalainen 2009 ). For example, adaptive optics images can provide us with nonconvex details (Descamps et al. 2009 ), and thermal infrared observations can determine the correct absolute size of the object, its thermal inertia, and albedo (Delbo & Tanga 2009 ). The reliability of models derived from photometry has been proven by comparison with the real shapes revealed by spacecraft (Müller et al. 2005; Lamy et al. 2008 ) and by laboratory experiments .
To provide an easy access to most of the published lightcurve inversion models we set up the Database of Asteroid Models from Inversion Techniques (DAMIT). DAMIT is an MySQL database accessible via a web interface. In the following section, we describe the structure of DAMIT and the format and physical meaning of individual database items.
Database description
The aim of the database is to provide the community access to all published asteroid models derived by the lightcurve and other inversion methods, as well as to source codes for solving direct and inverse problems. For each asteroid in the database, the basic physical parameters are given: the shape model, the spin axis orientation, and the rotation period. DAMIT also contains information about the light-scattering model used in the inversion. The lightcurves from which the model was derived can be downloaded as a data file. Other data sources, such as adaptive optics images, are cited and the data included as auxiliary files when appropriate. The reference to the paper where the model (or its update) was published is always given. However, a number of DAMIT solutions are significantly different from those published in the original papers. This is mainly due to the updated data set or to a range too narrow for the sidereal period search used in the original work. In some cases, photometric data files have been corrupted or misread, and rechecks and data corrections have led to some updates.
In principle, there can be more models for one asteroid, usually because of a limited geometry (an asteroid orbiting too close to the ecliptic, see Kaasalainen & Lamberg 2006 for details) that introduces an ambiguity λ ± 180 • in the ecliptic longitude of the pole. Or there can be more models corresponding to a different inversion method being applied, e.g., a convex and a nonconvex model for the same asteroid. So far, DAMIT contains ∼ 180 models for more than one hundred asteroids. Usually, the models have similar values for the rms residual. If one of the models is preferred -either due to a lower rms residual or for another reason -a comment is added to it.
Shape models
Asteroid shape models are represented by polyhedrons with triangular surface facets (see an example in Fig. 1) . A single file with the list of x, y, z Cartesian coordinates of the polyhedron vertices followed by the list of facets represents each model. Vertices of the corresponding triangle are listed as seen from outside the body in the counterclockwise sense. Because we cannot infer size information from photometry alone, most of the models are scale-free and are arbitrarily scaled to have a unit volume. If a model is scaled to its real dimensions (when, e.g., occultation data, high-angular-resolution data, or infrared measurements are available), this is stated in the corresponding tag, and the x, y, z coordinates are given in kilometres. The model always rotates around its z axis, which is usually close, but not exactly identical, to the maximum principal axis of the inertia tensor (assuming a uniform density distribution). If these two axes differ significantly, the model formally fits the data well, but the rotation around the z axis is physically impossible. Such cases are discussed. There is only one such model in the current database -167 Urda. The x axis has no special orientation with respect to the minimum principal axis of the inertia tensor. It is usually defined implicitly by setting t 0 in Eq. (1) to the minimum JD epoch in the lightcurve data set (or to the nearest lower integer value).
So far, DAMIT does not contain any model of a 'tumbling' asteroid, i.e., an asteroid in an excited rotation state. However, we plan to include such models in the future. The first example will be the model of asteroid 2008 TC3 derived from photometry (Scheirich et al., in preparation) . DAMIT also does not contain models of binary asteroids. In cases where the satellite is much smaller than the primary, DAMIT contains models of primary components of binary or multiple systems (87 Sylvia and 121 Hermione, for example). For synchronous binaries, there is only one period in the lightcurves and it should be possible to create a convex model that fits the data well. We usually do not include those asteroids in DAMIT for which a detailed model derived from radar delay-Doppler echoes or from direct spacecraft imaging is available. These highresolution models can be found in the Planetary Data System (PDS) archive. 1
Each shape model is visualized and shown from three directions. There are two views from the asteroid's equator and one from its pole. The three views correspond to the views from the positive x, y, z axes, respectively. The light-scattering model used for rendering has no physical meaning and was chosen just for visualization purposes using Matlab software.
The vast majority of DAMIT asteroid shape models are convex. As shown byĎurech & , disk-integrated lightcurves contain very little information about shape nonconvexities. To reveal nonconvex features from lightcurves, observations at very high phase angles (when shadowing effects are important) are necessary. Moreover, nonconvex solutions lack the stability and uniqueness properties of the convex solutions. Reliable nonconvex shape models can be derived only when lighcurves are combined with high-resolution data (adaptive optics images, for example). This also means that we cannot properly determine the nonconvexity errors of a convex shape model. The match between a convex model and the real shape can be very good for almostconvex bodies (2 Pallas) or can be poor for highly nonconvex bodies (624 Hektor).
The errors of the shape determination were discussed in and . They showed that the formal errors are worthless in practice because the effect of random noise is usually negligible compared to systematic and model errors. The only practical way of estimating real errors is to perform a series of optimizations with different methods, scattering laws, and initial values to see how the results differ. However, such detailed investigation of errors is usually not included in those papers where the shape models are published. In general, shape models are much better constrained in the equatorial plane than in the direction of the pole.
Spin
The rotation state of an asteroid is described by its sidereal rotation period P , the fixed orientation of its spin axis (the z axis in the body frame) expressed by means of the ecliptic coordinates (λ, β), and the initial rotation angle φ 0 for some epoch t 0 . The orientation of the model in the inertial frame is then obtained by applying a set of rotations on the model. The transformation from the body-fixed coordinate frame r ast to the ecliptic coordinate frame r ecl for the time t is given by the equation
where R i (θ) is a rotation matrix around i-th axis An example illustrating the four subsequent rotations and the definition of the rotation angles is shown in Fig. 1 .
For some asteroids in the database, the rotation period is not constant in time but changes secularly from the YORP effect Ďurech et al. 2008 ). In such cases, the corresponding rotation matrix has the form
where υ ≡ dω/dt is the linear change of the rotation rate ω = 2π/P . The rotation period P 0 is then given for t 0 .
The orientation of a model given by Eq.
(1) is expressed in the asteroid-centric reference frame. When computing, for example, the sky-plane projection of a model for a given time t obs , one has to take the light travel time from the asteroid to the observer into account. Then t = t obs − ∆/c, where ∆ is the asteroid-observer distance and c the speed of light.
The description of the spin-state given above does not follow the recommendation of the IAU as defined by Seidelmann et al. (2007) , mainly because the rotation angles λ and β in Eq. (1) are (contrary to the equatorial reference frame angles α and δ recommended by the IAU) directly related to the spin-orbital dynamics. For lowinclination asteroids, 90 • − β is the obliquity. However, for each model in the database, we also give the rotation elements according to the IAU recommendation: the direction of the positive spin axis in the equatorial coordinates α, δ, the rotational rateẆ , and the position of the prime meridian W 0 for time t 0 . The position of the prime meridian W at time t can be computed as W = W 0 +Ẇ (t − t 0 ).
The rotation parameters listed in the database can also be downloaded as a file. This file can be used directly as input for the direct-problem software that enables one to generate lightcurves for a given shape and spin (see Sect. 2.6).
The relative accuracy of the rotation period depends mainly on the total time span of the observations. The higher the number of revolutions in the interval of observations, the higher the accuracy of the length of one revolution, i.e, of the rotation period. The accuracy of the period P corresponds to the order of the last decimal place of P . The typical relative error ranges from 10 −5 to 10 −6 .
Contrary to the database of asteroid spin vector determinations maintained by A. Kryszczyńska at the Poznań Observatory (Kryszczyńska et al. 2007 ) that compiles all available spin vector solutions derived by various techniques, all DAMIT spin vector solutions were derived using one inversion method. The typical uncertainty of the spin axis direction is about 5 − 10 • .
Light-scattering model
Lightcurve inversion models are usually derived under the assumption that the light-scattering behaviour of asteroids can be described as a combination of Lommel-Seeliger and Lambert models (Kaasalainen et al. 2002a ). The surface reflectance S as a function of the angle of incidence i and the angle of emergence e is then
where µ 0 = cos i, µ = cos e, the Lommel-Seeliger term is
the Lambert term is and c is the weight factor. Function f (α) describes the dependence on the solar phase angle α and is expressed by means of three parameters a, d, k as
The parameters c, a, d, and k are listed in the database. However, if there are not enough calibrated lightcurves to cover a sufficiently wide range of phase angles, f (α) cannot be derived and parameters a, d, k are missing.
In some cases, when accurate calibrated photometry covering a wide range of phase angle was available, instead of the simple model above, the Hapke scattering model (Hapke 1981 (Hapke , 1984 (Hapke , 1986 was used during the inversion. In such cases, DAMIT lists the five parameters of Hapke's model: the single-particle scattering albedo w, the asymmetry parameter of the single-particle function g, the opposition surge amplitude B 0 , the opposition surge width h, and the macroscopic roughnessθ.
Lightcurves
The photometric data used in the inversion can be downloaded from DAMIT as data files. The lightcurve file contains brightness in intensity units for given epochs (lighttime corrected) and the viewing and illumination geometry. The Cartesian ecliptic coordinates of the Sun and the Earth with respect to the asteroid are given for each data point.
A tag at the beginning of each lightcurve states whether the lightcurve is relative -i.e., can be shifted on the magnitude scale with respect to other relative lightcurves -or if the brightness measurements are calibrated and no shift with respect to other calibrated curves is allowed. The lightcurve files can be directly used as input for the inversion software (see Sect. 2.6). For each lightcurve, the reference to the original paper where the data were published is given. References to papers in which the original photometric data used for inversion were published are listed in the Appendix A.
Realization
DAMIT is accessible online at http://astro.troja.mff. cuni.cz/projects/asteroids3D. The core of DAMIT is an MySQL database served by the MySQL server, which ensures high stability and reliability, as well as flexibility for future development. The web interface of DAMIT is written in PHP and allows users to either browse or search the database. Records from the database can be downloaded as text files suitable for further processing. The shape solutions are also provided in the form of computergenerated images in PNG (Portable Network Graphics) format. DAMIT with all its components is hosted and operated by the Astronomical Institute of the Charles University. We plan to set up a mirror site to minimize all negative impacts of a possible hardware failure.
Software
DAMIT also contains source codes of inversion programs and a tool for lightcurve generation along with the user's manuals. The formats of input and output files are identical to the formats of lightcurve and shape files in DAMIT. The software is available under the General Public Licence, and we encourage all potential users to use it for inversion of their own data and to develop it further. The software will be described in detail in a forthcoming paper.
Conclusions
The number of asteroid models derived from lightcurves and other sources by inversion techniques is continuously growing, so we expect a dramatic increase of the number of models in the next few years with the dawn of all-sky surveys. The number of observers who use their own data for shape modelling is also growing, mainly thank to the availability of the Windows-based user-friendly version of the inversion software 2 . We believe that DAMIT is going to become the main archive for asteroid models and that it will be widely recognized as a reliable and up-to-date source of asteroid spin parameters.
To increase the scientific attractivity of DAMIT, we will connect it with the IMCCE Virtual Observatory Solar System portal 3 . The service will compute physical ephemerides of models stored in DAMIT, for example, sky-plane projections of models for a given epoch with a realistic brightness distribution (Berthier et al. 2008 ).
